Bacterial dissemination via the cardiovascular system is the most common cause of infection mortality. A key step in dissemination is bacterial interaction with endothelia lining blood vessels, which is physically challenging because of the shear stress generated by blood flow. Association of host cells such as leukocytes and platelets with endothelia under vascular shear stress requires mechanically specialized interaction mechanisms, including force-strengthened catch bonds. However, the biomechanical mechanisms supporting vascular interactions of most bacterial pathogens are undefined. Fibronectin (Fn), a ubiquitous host molecule targeted by many pathogens, promotes vascular interactions of the Lyme disease spirochete Borrelia burgdorferi. Here, we investigated how B. burgdorferi exploits Fn to interact with endothelia under physiological shear stress, using recently developed live cell imaging and particle-tracking methods for studying bacterial-endothelial interaction biomechanics. We found that B. burgdorferi does not primarily target insoluble matrix Fn deposited on endothelial surfaces but, instead, recruits and induces polymerization of soluble plasma Fn (pFn), an abundant protein in blood plasma that is normally soluble and nonadhesive. Under physiological shear stress, caps of polymerized pFn at bacterial poles formed part of mechanically loaded adhesion complexes, and pFn strengthened and stabilized interactions by a catch-bond mechanism. These results show that B. burgdorferi can transform a ubiquitous but normally nonadhesive blood constituent to increase the efficiency, strength, and stability of bacterial interactions with vascular surfaces. Similar mechanisms may promote dissemination of other Fn-binding pathogens.
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catch bond | fibronectin | force | vascular | bacteria D issemination of pathogens via the cardiovascular system is associated with most mortality due to bacterial infection, and is important for infection of many tissues, including the brain, heart, bone, joints, and visceral organs (1) . Pathogens that travel via the cardiovascular system to sites distant from the original source of infection must be able to adhere to the inner endothelial lining of blood vessels to slow down and migrate out of the vasculature (extravasate) into extravascular tissues. Other pathogens do not exit the bloodstream, but can adhere tenaciously to structures such as heart valves and cardiac devices, causing life-threatening conditions, including endocarditis (2) . Despite the importance of pathogen vascular adhesion and dissemination to human health, the mechanisms supporting these processes are largely uncharacterized for many microbes, including most bacterial pathogens.
The ability to overcome fluid shear stress caused by blood flow over endothelial surfaces is crucial for pathogens interacting with blood vessels. In the vasculature, interactions of circulating host cells such as leukocytes with endothelia are also subjected to fluid shear stress, and are stabilized by specialized force-resisting and force-strengthened mechanisms such as catch bonds and tethers (3, 4) . Shock-absorbing structures such as pili and fimbriae can stabilize surface adhesion of bacteria subjected to external forces such as shear stress (5, 6) . However, many bacteria, including spirochetes, do not form pili or fimbriae. We recently found that endothelial interactions of the Lyme disease spirochete Borrelia burgdorferi under physiological shear stress bear a remarkable biomechanical resemblance to the mechanisms supporting leukocyte rolling on the same surfaces and are stabilized by catch bonds and tethers, even though leukocytes and B. burgdorferi are genetically, morphologically, and physiologically distinct cells (7) . Other bacterial pathogens also exploit or mimic strategies used by circulating host cells to adhere to and bypass endothelial barriers under vascular shear stress. For example, Neisseria meningitidis bypasses the blood-brain barrier by eliciting inflammatory responses and associated reorganization of brain endothelia following adhesion to a matrix metalloprotease regulator (8) , and Staphylococcus aureus adheres to blood vessels walls by binding to fibrils of von Willebrand factor, a glycoprotein produced by endothelial cells that is crucial for adhesion of circulating platelets (9, 10) . Thus, it appears that bacterial exploitation of ubiquitous host cell molecules and mimicry of common host cell shear-stress adhesion mechanisms are important for pathogen dissemination in this specialized and physically challenging environment.
One of the most abundant proteins in the cardiovascular system is fibronectin (Fn), which is part of the fibrous extracellular matrix supporting endothelial cells, and is also present in soluble form at high concentrations in blood [plasma Fn (pFn)] (11, 12) . Fn interacts with integrins by a force-strengthened catch-bond mechanism, and Fn and integrins can mediate leukocyte adhesion Significance Spread of bacteria via the bloodstream to vital organs causes most mortality due to bacterial infection. To exit the bloodstream and enter these organs, bacteria must be able to resist the forces generated by flowing blood so that they can adhere to the endothelial cells lining blood vessels without being washed away. This process is not yet understood for most disease-causing bacteria. Here, we show that the Lyme disease pathogen Borrelia burgdorferi exploits an abundant constituent of blood, plasma fibronectin, to form endothelial interactions that become stronger as forces due to blood-flow increase. The ability to recruit this highly conserved molecule may also be important for the vascular interaction mechanisms of other pathogens.
to vascular surfaces under physiological shear stress (13) (14) (15) (16) (17) . Therefore, Fn has the potential to support vascular interactions of disseminating pathogens. Consistent with this hypothesis, B. burgdorferi interacts with postcapillary venules (PCVs) in vivo by an Fn-dependent mechanism (7, 18, 19) , and polymorphisms in an S. aureus adhesion protein (adhesin) that strengthen Fn binding are associated with infection of cardiac devices by these bacteria (20) . Fn-binding sequences of the surface-localized B. burgdorferi vascular adhesin BBK32 are also important for PCV interactions of this pathogen (19) .
Most invasive bacterial pathogens that infect vertebrates target Fn and can adhere to this highly conserved molecule via bacterial cell surface adhesion proteins (adhesins) collectively referred to as bacterial Fn-binding proteins (FnBPs) (12, 21, 22) . FnBPs can adhere to the insoluble Fn matrix and soluble unpolymerized Fn produced by most host cells, and many FnBPs also bind pFn, which is produced by the liver and is important for hemostasis and wound healing in vertebrates (23, 24) . The ability of bacterial pathogens to recruit soluble Fn to their surfaces can promote adhesion to and internalization by host cells, as well as bacterial aggregation during biofilm formation (12, 22) . However, the specific pathogenic functions of bacterial pFn binding have not yet been defined.
We reported recently that the Fn-binding B. burgdorferi vascular adhesin BBK32 stabilizes bacterial-endothelial interactions at PCV shear stress by a catch-bond mechanism (7). BBK32, which binds to Fn by a mechanism similar to the binding mechanisms of S. aureus FnBPA and streptococcal FnBPs (21, 25) , causes conformational changes in pFn that induce formation of an extended structure (26) and formation of superfibronectin, a highly cross-linked, exceptionally sticky, polymerized form of Fn (27, 28) . Several other pathogens and FnBPs adhere to Fn under force conditions similar to the force conditions found in the vasculature, suggesting that the use of Fn for vascular adhesion may be widespread among microbes (29) (30) (31) (32) . The mechanisms by which Fn promotes bacterial interactions with surfaces in the cardiovascular system have not yet been defined.
Here, we investigated how Fn promotes B. burgdorferi-endothelial interactions, using a recently developed flow chamber system that reproduces B. burgdorferi-endothelial interaction properties in PCVs and real-time live cell imaging and particle tracking approaches for studying interaction biomechanics. We found that B. burgdorferi-endothelial interactions are dependent on bacterial recruitment of pFn, which forms polymerized Fn sheaths at bacterial ends that are part of mechanical load-bearing adhesion complexes in BBK32-expressing bacteria, and that pFn stabilizes BBK32-mediated interactions by a catch-bond mechanism. These results suggest that pFn polymerization and pFn-dependent catch bonds might also promote vascular interactions for other bacterial pathogens.
Results

B. burgdorferi-Endothelial Interactions Under Vascular Shear Stress
Depend on Bacterial Recruitment of pFn. To determine how Fn promotes B. burgdorferi-vascular interactions, we studied its mechanistic contributions to bacterial interactions with postconfluent primary human umbilical vein endothelia under physiological shear stress in flow chambers. This flow chamber system recapitulates the major qualitative and quantitative properties of B. burgdorferi interactions with dermal PCVs in live mice (7), where the two major types of mobile B. burgdorferi-vascular interactions, tethering and dragging, are Fn-dependent (18, 33) . Tethering and dragging are distinct initiation steps in the multistep B. burgdorferi-vascular interaction cascade and permit bacteria to slow down sufficiently to extravasate from blood vessels during dissemination (7, 18, 19, 33) (Fig. 1A) . Tethering bacteria are stabilized by tethers anchoring bacteria to endothelia, move at least 50% more slowly under flow than control beads but faster than 100 μm·s −1 , and pause briefly and repeatedly as they move over endothelial surfaces (7, 33) (Fig. 1A) . Dragging bacteria are not stabilized by tethers, and move more slowly than 100 μm·s −1 (7, 33) (Fig. 1A) . Tethering and dragging interactions can be measured by counting numbers of bacteria that pause (tether) or crawl/drag at a speed of less than 100 μm·s −1 in a 30 × 100-μm region of interest positioned in unbranched regions of PCVs in vivo (33) or at the center of flow chambers (7) .
To determine if B. burgdorferi-endothelial interactions in flow chambers were Fn-dependent, we treated bacteria with polyclonal IgGs to Fn from rabbit serum (Fig. 1B) , which is a component of B. burgdorferi cultivation medium (34) . As observed in mouse dermal PCVs (18) , this treatment reduced tethering and dragging at a shear stress typical in PCVs (1 dyn/cm 2 ; Fig. 1B ), demonstrating that tethering and dragging interactions with human endothelia under physiological shear stress are also Fn-dependent.
In blood vessels, there are two types of Fn with the potential to support bacterial interactions with vascular surfaces. The first type is the insoluble Fn deposited on the luminal surface of endothelia lining blood vessels ( Fig. S1 A and B) . The second type is pFn, which is an abundant constituent of blood (∼0.3 mg/mL) and circulates in a soluble, nonadhesive, nonpolymerized state and are untethered. Both tethering and dragging are Fn-dependent in mouse PCVs (18) . There are reduced numbers of B. burgdorferi tethering and dragging on primary human endothelial monolayers in flow chambers at typical PCV shear stress (1 dyn/cm 2 ) following treatment with polyclonal antiFn antiserum (B) and depletion of pFn from serum in bacterial cultivation medium (C). Numbers of tethering and dragging GFP-expressing B. burgdorferi (strain GCB966) in the presence of nonspecific IgGs or polyclonal αFn IgGs were measured by manual counting. In B, GCB966 was cultivated in the presence of mouse blood before imaging. In C, bacteria were cultivated without mouse blood to eliminate all sources of pFn. In C, −pFn indicates pFn-depleted growth conditions; for +pFn samples, bacteria grown under pFn-depleted conditions were supplemented with human pFn (+pFn) to the concentration present in blood (0.3 mg/mL) before imaging. Summary values: mean ± SEM. Statistics: two-way ANOVA, Holm-Sidak posttest (n = 3 independent bacterial and endothelial cultures per group). *P < 0.05 vs. IgG (B) or −pFn (C) within the same interaction type. (11, 12) . This pFn is ordinarily a compact, nonadhesive dimer in which most ligand-binding sites are buried. Preservation of the inert, nonadhesive properties of this molecule is important in blood, where constitutive exposure of pFn ligand-binding sites would affect blood flow, thrombosis, and movement and adhesion of circulating cells (11, 21) . However, upon activation or force-induced stretching or conformational change induced by certain FnBPs, pFn undergoes a conformational change that exposes ligand-binding sites (11, 12, 26, 27, 35) .
The observation that treating B. burgdorferi with IgGs against plasma Fn from the serum used to cultivate bacteria inhibited interactions (Fig. 1B) suggested that the form of Fn supporting B. burgdorferi-endothelial interactions was possibly pFn. To test this hypothesis, we cultivated bacteria in medium depleted of pFn (−pFn) ( Fig. S2 A and B) , followed by brief incubation with vehicle (−pFn) or with a physiological concentration of pFn (0.3 mg/mL) purified from human plasma (+pFn) ( Table S1 ). Under static (no-flow) conditions, brief coincubation of bacteria with pFn caused rapid lengthwise compression of bacterial cell shape ( Fig.  S4 A and B) , and BBK32-expressing B. burgdorferi also induced pFn fibrillogenesis (Fig. S4C ) and formation of foci of polymerized pFn at and extending from bacterial cell poles (Fig. S4D ). We do not know if the polar sites of pFn foci are due to concentration of BBK32 to bacterial cell poles or to other factors, because the subcellular localization patterns of BBK32 have not yet been defined. Thus, bacteria induced widespread conformational changes in pFn that likely exposed ligand-binding sites in this molecule. Collectively, these results indicated that B. burgdorferi interactions with human endothelia under physiological shear stress were primarily dependent on bacterial recruitment of pFn.
Polymerized pFn Foci Formed on BBK32-Expressing B. burgdorferi Localize to Sites on Bacteria Where Adhesion Complexes Are Mechanically Loaded. Conformational changes associated with pFn polymerization expose many ligand-binding sites that are cryptic in pFn (11) . Because BBK32-expressing B. burgdorferi formed "caps" of polymerized pFn at and extending from bacterial cell poles (Fig. S4D) , and because ligand-binding sites in pFn are more likely to be exposed in these foci, we investigated whether pFn foci colocalize with positions on bacteria that contact endothelial surfaces and support mechanical load during interactions (Fig. 2) .
B. burgdorferi interacts with endothelia by transferring mechanical load along a series of single adhesion complexes or tightly clustered and coordinated receptor-ligand complexes that dissociate with the kinetics of a single adhesion complex (7) . As a result, only one physical site on a bacterium is involved in loadbearing interactions with endothelia at any given time, and that mechanical load is borne by only one receptor-ligand adhesion complex at this site or by a tightly spatially clustered and coordinated group of complexes at this site that behave kinetically as a single complex. On bacteria that flip as they adhere to endothelia under flow, the load-bearing site is located at the cell pole closest to the center of rotation ( Fig. 2A) . On bacteria that are aligned parallel to flow during endothelial interactions, the load-bearing site is typically located at the rear of bacteria that are decelerating (i.e., adhering to endothelia) ( Fig. 2A) . These properties permitted us to determine if foci of polymerized, fluorescent pFn visualized on bacteria by live cell imaging (Fig.  2B ) colocalized with sites of mechanical loading on these bacteria during endothelial interactions under flow ( Fig. 2 C and D) . Although small "specks" of fluorescent pFn were observed at the poles of many bacteria under these conditions, to determine the localization of pFn foci unambiguously with respect to loadbearing adhesion sites, we confined our analysis to bacterial pFn foci with diameters >1 μm, which were observed on ∼20% of bacteria interacting with endothelia under flow (Fig. 2B ). Experiments were performed at 0.75 dyn/cm 2 , a typical shear stress in dermal PCVs (33) , because bacteria flip more frequently at this shear stress than at higher shear stresses. These analyses revealed that 99.2% of polymerized pFn foci localized to the load-bearing pole at the center of rotation in flipping bacteria (Fig. 2C) , and that ∼75% of foci localized to the load-bearing rear of decelerating bacteria that interacted with endothelia in a flow-aligned fashion (Fig. 2D) . These results implied that polymerized pFn localized nonrandomly to load-bearing adhesion sites on both flipping and flow-aligned bacteria, and was therefore likely part of load-bearing adhesion complexes. ) (C) Polymerized fFn localizes exclusively to the center of bacterial cell rotation (load-bearing adhesion site) for B. burgdorferi that rotate during endothelial interactions (n = 10 rotating bacteria). *P < 0.05 vs. localization at the center of rotation. (D) Polymerized fFn localizes primarily to the rear, load-bearing site when bacteria are decelerating (i.e., when they adhere to endothelia) (n = 17 flow-aligned bacteria). *P < 0.05 vs. localization at front. Summary values in all panels: mean ± 95% confidence interval (CI) (n = 3 independent bacterial and endothelial cultures per experiment). Statistics: two-way ANOVA, HolmSidak posttest (B) and two-tailed Wilcoxon matched pairs t tests (C and D).
The pFn Increases Mechanical Load Sustained by Adhesion Complexes
Under Vascular Shear Stress. Another way to determine if pFn is part of force-loaded adhesion complexes on B. burgdorferi interacting with endothelia is to determine if the force sustained by loadbearing bonds is altered by the presence of pFn (i.e., if pFn affects bond strength). To investigate the effect of pFn on bond strength, we grew B. burgdorferi in pFn-depleted conditions, incubated bacteria briefly with vehicle alone (−pFn) or with 0.3 mg/mL pFn (+pFn), and then perfused bacteria over endothelial monolayers at a range of increasing shear stresses found in PCVs (3) (0.5-3 dyn/cm 2 ; Fig. 3 ). Interactions were measured from 0.5 to 3 dyn/cm 2 because B. burgdorferi-endothelial interactions are progressively stabilized by a force-stimulated catch-bond mechanism as shear stress and force on load-bearing bonds increase over this range, especially from 0.5 to 1 dyn/cm 2 (7). Force-resistant and force-stimulated adhesion mechanisms are particularly important for stabilizing the interaction of circulating cells with endothelial surfaces in the vasculature, where shear stress varies even within one blood vessel, and where small linear changes in shear stress cause conventional, force-sensitive adhesive bonds to fail at an exponential rate (Fig. 3A) . Both tethering and dragging interactions were more numerous in the presence of pFn, particularly at 1 dyn/cm 2 ( Fig. 3 B-D) , and +pFn interaction numbers increased at 1 dyn/cm 2 ( Fig. 3 B and C), a shear stress at which catch-bond properties of BBK32-dependent B. burgdorferi-endothelial adhesion complexes are activated (7) .
To determine if pFn affected the stability and amount of force sustained by load-bearing bonds supporting bacterial-endothelial interactions, we used particle-tracking methods for tracking and measuring the physical properties of individual B. burgdorferi interacting with endothelia (Fig. 3E) to estimate the average force imposed on load-bearing bonds during interactions (F b ), as described previously (3, 7, 36) and in Fig. S5 . All −pFn and +pFn interactions exhibited dissociation kinetics characteristic of single force-loaded adhesion complexes (Fig. S5D) , implying that although pFn at the load-bearing interaction site on each bacterium was polymerized (Fig. 2) , each interaction was nevertheless dependent on loading of a single adhesion bond, or of closely physically clustered and coordinated complexes that behaved as a single bond. These analyses revealed that loadbearing bonds formed in the presence of pFn sustained significantly greater average force than load-bearing bonds formed under −pFn conditions (Fig. 3F) . Furthermore, at all but the smallest bond forces, +pFn interactions were more abundant than −pFn interactions (Fig. 3G) . The pFn-dependent stimulation of interactions and increased bond strength at 1 dyn/cm 2 were dependent on the pFn-polymerizing, catch-bond-confer- Fig. 4 . Stabilization of pFn-dependent B. burgdorferi-endothelial interactions by a catch-bond mechanism. Tethered B. burgdorferi interactions are more numerous in the presence of pFn at all bond forces. Untethered dragging interactions become longer lived as force increases in the presence of pFn, indicating that pFn strengthens dragging interactions by a catch-bond mechanism. (A) Schematic summarizing differences in physical interaction properties of dragging and tethering B. burgdorferi (7). B. burgdorferi are shaped like a planar sine wave. F b s and K off s are greatest during dragging, when bacteria project above surfaces in an edge-on conformation (Fig. S5B) . Tethering bacteria lie flatter against surfaces, and are anchored to endothelia by tethers, which reduce force on load-bearing bonds and increase bond lifetime. Global mean F b s (B), velocity (C), K off s (D), and displacement (E) are shown for tethering and dragging interactions. Tethering interaction numbers (F), displacement (G), and dissociation rates (H) are shown at indicated F b values. (I) Estimated tether stiffness for tethered interactions with bond forces >0.1 pN. Dragging interaction numbers (J) and K off s (K) are shown at indicated F b s. Dotted lines: beads (K off for negative control beads; bacterial interactions dissociating as fast or faster than beads are interacting nonspecifically), F CBA (bond force at BBK32-dependent catch bonds are activated) (7), and F p (bond force at which proteins that are unanchored to cytoskeletal structures are plucked from lipid bilayers; indicates typical maximum bond force for BBK32-dependent interactions). Gray shading in J and K indicates the catch-bond force regime of Fn-α 5 β 1 complexes, where bond dissociation slows as force increases. The strain used is GCB966 in all panels. Summary values: mean ± 95% CI. Statistics: two-way ANOVA, Holm-Sidak posttest. *P < 0.05 vs. −pFn within interaction type; # P < 0.05 vs. drag within group. Independent bacterial and endothelial cultures per group (n = 6 per shear stress condition for total of 54 replicates per group; n ≥ 481 and n ≥ 241 individual interactions analyzed per group for tethering and dragging, respectively).
ring adhesin BBK32 (Fig. 3 H and I and Fig. S4C) . Thus, pFndependent interactions sustained more force on the loadbearing bond and promoted interactions at higher bond forces, indicating that pFn contributed to and strengthened load-bearing adhesion complexes.
pFn Promotes Tethering Interactions by Increasing Bond Formation
Rates and Stabilizes Dragging by a Catch-Bond Mechanism. Finally, we investigated how pFn promotes the two major types of mobile B. burgdorferi interactions with endothelia, tethering and dragging. Tethering and dragging are analogous to the interactions supporting leukocyte rolling on endothelial surfaces, which permit these cells to slow down and extravasate (7) (Fig. 1A) . Leukocyte rolling on PCV surfaces is stabilized by forcestrengthened selectin catch bonds that become longer lived (more stable) as bond force increases, and by elastic membranederived tethers associated with load-bearing adhesion complexes that anchor leukocytes to endothelia and stabilize load-bearing bonds by distributing (sharing/reducing) the force imposed on adhesion complexes (3). B. burgdorferi-endothelial interactions at PCV shear stress are also stabilized by BBK32-dependent catch-bond properties and by tethers, although the source and composition of tethers are unknown (7). Tethers stabilize B. burgdorferi-tethering interactions with endothelia by anchoring bacteria to surfaces and reducing the force imposed on loadbearing bonds, which reduces bond dissociation rates (K off s) and prolongs bond lifetime (7) (Fig. 4A) . B. burgdorferi-dragging interactions with endothelia are untethered, and they are subjected to larger bond forces and dissociate more rapidly than tethered interactions (7) (Fig. 4A) . Although the bonds supporting dragging interactions are shorter lived than the bonds mediating tethered interactions, the velocity of dragging B. burgdorferi is considerably slower, because bacteria move forward in small, inchworm-like steps, whereas tethered interactions displace much further due to elongation of their anchoring tethers (7) (Fig. 4A) . BBK32-dependent catch bonds are particularly important for increasing the number and stability of B. burgdorferi-dragging interactions with endothelia as shear stress increases (7) .
We found that although bond forces sustained by tethered bacteria were somewhat greater in the presence of pFn compared with −pFn controls (Fig. 4B) , tethering bacteria also moved faster (Fig. 4C ) and bonds dissociated slightly more quickly (Fig. 4D ) after shorter displacement distances (Fig. 4E) . These observations suggested that in the presence of pFn, tethered interactions were less stable and that increased numbers of tethering interactions under +pFn conditions (Fig. 3D) were possibly due to increased bond formation rates. To test this hypothesis, we examined tethered interaction numbers over a range of bond forces, and found that interaction abundance profiles under −pFn and +pFn conditions were similar and that tethered interactions were consistently more abundant at all bond forces (Fig. 4F) . These findings suggested that tethered interactions formed more readily in the presence of pFn. Examination of tether extension as a function of bond force also revealed that although force-dependent elongation of tethers at 0.1-0.2 pN was prominent under −pFn conditions, this elongation was absent in the presence of pFn (Fig. 4G) , and that the slowing of bond dissociation observed for −pFn interactions at the tether extension threshold did not occur for +pFn interactions (Fig.  4H) . Estimates of the stiffness of tethers anchoring bacteria to endothelia showed that tethers formed in the presence of pFn were also stiffer (Fig. 4I) . Collectively, these data indicated that tether elongation and associated bond stabilization occurred less readily in the presence of pFn, and that stimulation of tethering interactions by pFn was likely due instead to increased rates of bond formation.
By contrast, in the presence of pFn, dragging interactions moved significantly more slowly (Fig. 4C) , primarily due to slowing of bond dissociation (Fig. 4D) , and also sustained much larger bond forces (Fig. 4B) . Thus, pFn strengthened, stabilized, and slowed untethered interactions. These findings suggested the possibility that pFn promoted untethered interactions by a catchbond mechanism. Catch bonds are bonds that become longer lived (dissociate more slowly) as bond force increases, and they are important for strengthening Fn-integrin interactions under tension and stabilizing selectin-mediated leukocyte rolling on PCVs under shear stress (4, 13, 14, 16, 17, (37) (38) (39) (40) , as well as BBK32-dependent B. burgdorferi-endothelial interactions under vascular shear-stress conditions (7). BBK32-dependent catch bonds are activated at a slightly higher bond force (∼0.25 pN) than the force threshold at which tether elongation occurs (7) (0.1-0.2 pN; Fig. 4G ). To determine if pFn promoted untethered interactions by a catch-bond mechanism, we examined the abundance (Fig. 4J) and stability (Fig. 4K ) of dragging interactions over a range of bond forces. In the absence of pFn, only tethering interactions (Fig. 4F) , but not dragging interactions (Fig. 4J) , were observed at bond forces greater than ∼0.2 pN, implying that without pFn, B. burgdorferi could not interact with endothelial cells at forces higher than this threshold unless interactions were stabilized by tethers. In the absence of pFn, interaction numbers also decreased exponentially and dissociated at exponentially faster rates, with linear increases in bond force above the BBK32 catch-bond activation threshold (∼0.25 pN; Fig. 4 J and K) . Thus, without pFn, interactions exhibited kinetics characteristic of conventional slip bonds, which become less stable under increasing force. However, when pFn was present, dragging interactions exhibited kinetics characteristic of catch bonds at bond forces greater than ∼0.2 pN; that is, dragging interaction numbers progressively increased and bonds became progressively longer lived as force increased (Fig. 4 J and K) . Together, these data indicated that B. burgdorferi could not interact with endothelial cells at bond forces greater than ∼0.2 pN in the absence of pFn unless interactions were stabilized by tethers, and that pFn stabilized untethered interactions above this force threshold by a catch-bond mechanism. The force regime over which +pFn-dependent catch bonds were formed was comparable to the catch-bond force regimes of BBK32 and Fn-α 5 β 1 complexes, as well as leukocyte selectins (4, 7, 13, 16, 17, 37) .
Discussion
These results show that B. burgdorferi exploits pFn, an abundant constituent of blood, to facilitate bacterial interactions with endothelia under vascular shear stress. pFn increased the shearstress range of B. burgdorferi-endothelial interactions and the force sustained by load-bearing bonds in BBK32-expressing bacteria (Fig. 3) , increased the abundance of all bacterialendothelial interactions (Fig. 3) , and stabilized and slowed dragging interactions by a catch-bond mechanism (Fig. 4) . These effects may promote B. burgdorferi slowing and extravasation over a wider range of shear-stress conditions in the vasculature, and possibly in a wider range of tissues. It is also possible that pFn recruitment may promote endothelial interactions under vascular shear-stress conditions for other bacterial pathogens. Bacterial exploitation of pFn to facilitate endothelial interactions under flow may increase the risk of pathological infection outcomes such as endocarditis, colonization of cardiac and other devices, bacterial dissemination to secondary infection sites, and possibly immune evasion secondary to invasion of endothelial cells themselves (12, 20, 22) . BBK32 binds to the N-terminal fibrillogenesis region of Fn by the same tandem β-zipper mechanism exhibited by FnBPs from genetically distant staphylococcal and streptococcal bacteria, suggesting the possibility that FnBPs from other disseminating bacterial pathogens that also induce structural rearrangement of pFn (12, 21) have the potential to strengthen and stabilize bacterial-vascular interactions by a catch-bond mechanism. For one of these adhesins, S. aureus FnBPA, polymorphisms that increase the frequency and strength of Fn binding are associated with increased risk of infection of cardiac devices in patients (20, 29) . It has not yet been determined if, like BBK32, other FnBPs are capable of inducing Fn fibrillogenesis or forming Fndependent catch bonds under mechanical force. This hypothesis warrants investigation, because any mechanism that strengthens bacterial-endothelial interactions under vascular shear stress conditions has the potential to facilitate bacterial adhesion to blood vessel surfaces in vascular beds of organs such as the heart and brain, where forces caused by blood flow are stronger than in other tissues. It has also been assumed that the form of Fn targeted by S. aureus that adheres to cardiac devices is Fn-deposited on the surfaces of these devices (20) . However, our results suggest that bacterial recruitment of soluble pFn in the blood also has the potential to support these interactions, especially at sites without abundant deposits of insoluble Fn. Interestingly, BBK32-like FnBPs from streptococcal and staphylococcal species undergo structural unbinding when Fn fibers are stretched (41) . It is unknown if BBK32 detaches from pFn fibrils when they are stretched, a property that could contribute to the faster dissociation of BBK32-dependent tethered interactions in the presence of pFn (Fig. 4) .
We have not yet defined the molecular mechanisms by which pFn promotes B. burgdorferi-endothelial interactions under vascular shear stress. However, data presented here suggest that pFn likely facilitates interactions in multiple ways. The pFn increased interaction abundance for both BBK32-expressing and bbk32-null bacteria (Fig. 3H) , indicating that even in the absence of BBK32-dependent pFn polymerization and interaction stabilization by catch bonds, pFn promotes B. burgdorferi-endothelial interactions under shear stress. This increase in interactions could be because pFn recruitment expands the range of endothelial cell surface molecules (e.g., heparin-sulfated GAGs, integrins, nonintegrin receptors) with which bacteria can interact (11, 21) . It is also possible that force-driven Fn polymerization (42) promotes binding of pFn on bacterial surfaces to insoluble Fn deposited on endothelial surfaces. Conformational changes in pFn induced by Fn-binding adhesins, and possibly by forces induced by nonspecific contacts between pFn-coated bacteria and the endothelial glycocalyx/endothelial cells, are almost certainly required for pFn-dependent interactions, because many ligandbinding sites in globular pFn dimers are not exposed until the molecule undergoes conformational change (21) .
For BBK32-expressing B. burgdorferi, polymerized pFn foci at bacterial cell poles localized nonrandomly and consistently to mechanically loaded adhesion sites on bacteria (Fig. 2) , suggesting that polymerized pFn itself and/or conformational changes associated with pFn polymerization played key roles in BBK32-dependent endothelial interactions under flow. It is possible that pFn polymerization exposed cryptic sites in pFn facilitating binding to endothelial surface receptors, and/or directly strengthened and stabilized adhesion complexes after bond formation. Additionally, BBK32-Fn binding not only induces conformational elongation and polymerization of pFn but also structurally stabilizes a large intrinsically disordered region of BBK32 by a high-affinity tandem β-zipper mechanism (25) (26) (27) . Thus, by stabilizing BBK32 conformation, pFn may improve this adhesin's ability to withstand force. Finally, it is possible that BBK32/pFndependent interaction stabilization was not exclusively due to structural stabilization of BBK32-pFn complexes but also resulted from force-stimulated conformational changes and activation of high-affinity-binding sites in endothelial receptors targeted by these complexes (Fig. 5) . Because Fn interactions with integrin α 5 β 1 are stabilized by a force-activated catch-bond mechanism and by cyclic mechanical reinforcement (13, 14, 16, 17) , it is plausible that endothelial receptors themselves also contribute to stabilization of mechanically loaded BBK32-pFn bacterial adhesion complexes. Our preliminary antibody-based mapping of pFn sites mediating interactions suggests that Fn receptors such as α 5 β 1 , α 4 β 1 , α 4 β 7 , and other Fn synergy site-dependent ligands that bind to sequences in Fn regions FnIII 5 and synergy site-containing FnIII 9 may contribute to interactions; however, because these regions are also involved in Fn fibrillogenesis, we cannot be sure that the effects of antibodies directed against these sites are not also due to disruption of pFn polymerization (Fig. S3) . Despite the complexity of the potential molecular mechanisms underlying pFn-dependent B. burgdorferi-endothelial interactions, defining these mechanisms will be important for understanding dissemination mechanisms of B. burgdorferi and possibly other bacterial pathogens.
Cell-cell interactions in the vasculature depend on mechanically specialized interactions that can overcome shear stress due to blood flow. For disseminating bacteria, the mechanisms supporting these interactions have remained largely undefined for most pathogens. Most disseminating bacterial pathogens have been found to bind Fn, and many of these bacterial pathogens bind to pFn. The results of this study show that the ability to recruit pFn from blood provides a mechanical advantage to B. burgdorferi interacting with endothelial surfaces under physiological shear stress, and may thus facilitate bacterial escape from the vasculature and colonization of extravascular tissues. It is possible that similar exploitation of pFn may also prove important for the dissemination mechanisms of other pathogens. B. burgdorferi Strains, Cultivation, and Preparation for Live Cell Imaging. Bacterial strains GCB966, GCB776, and GCB971 (Table S2) were grown in Barbour-Stonner-Kelly-II (BSK-II) medium containing 6% heat-inactivated whole or pFn-depleted rabbit serum and 100 μg/mL gentamicin, and were prepared for imaging by washing and resuspension to 1 × 10 8 cells per milliliter in HBSS as described elsewhere (7, 19) . Bacteria used in polyclonal αFn antibody experiments were cultivated in 1% mouse blood, 100 μg/mL gentamicin, 20 μg/mL phosphomycin, 50 μg/mL rifampicin, and 2.5 μg/mL amphotericin for 48 h before preparation for imaging, as described elsewhere (33) . Blood was obtained by cardiac puncture with heparinized needles in C57BL/6 mice (Charles River Laboratories) anesthetized with 10 mg/kg xylazine (MTC Pharmaceuticals) and 200 mg/kg ketamine hydrochloride (Rogar/STB). Bacterial cultures that were grown in rabbit serum depleted of pFn were reconstituted with vehicle (saline) or physiological concentrations (0.3 mg/mL) of pFn or HiLyte Fluor 488-labeled pFn (fFn; Cytoskeleton, Inc.) using 1 mg/mL purified pFn stocks, incubated at 4°C for 1 h, stored on ice, and diluted to 1 × 10 8 cells per milliliter in HBSS before imaging. All flow chamber experiments were performed with bacteria resuspended in HBSS alone (no added serum), except the experiments reported in Fig. 1B , in which heatinactivated FBS was added to a 10% final concentration. Perfusion of bacteria over endothelial monolayers at 0.5-3 dyn/cm 2 was performed using a syringe pump, as described elsewhere (7) . The average length of bacteria following incubation with pFn or vehicle was calculated from all measurements obtained during 1-min time-lapse video-recordings of bacteria adhering to endothelia under static conditions.
Materials and Methods
Live Cell Imaging Microscopy Conditions. All flow chamber experiments except those experiments reported in Fig. 2 and Fig. S4 were performed as described elsewhere (7) on a Quorum Spinning Disk Confocal microscope (Quorum Technologies, Inc.) equipped with a Zeiss 25×/0.8-N.A. water immersion lens at the Hospital for Sick Children Imaging Facility (Toronto, ON, Canada). Images were acquired at 100% laser power and maximum sensitivity, at 14-15 fps, and at 0.375 μm per pixel, using Volocity software v.6.3.0 (Improvision/PerkinElmer). The experiments reported in Fig. 2 and Fig. S4 were performed by resonant scanner microscopy in a bidirectional resonant scanning mode (8,000 Hz), with an aperture size of 0.95, using a tandem resonant scanner TCS SP8 confocal microscope (Leica) equipped with argon, HeNe, and diode-pumped solid-state (DPSS) lasers; triple dichroic (TD) 488/561/633 excitation beam splitters; hybrid detector (HyD) spectral detectors; and an HCX IRAPO L 25×/0.95-N.A. water immersion objective (Leica). Time courses were acquired at 512 × 512 pixels, 0.61 μm per pixel, and ∼15 fps, with line averaging of 2. Excitation/emission wavelengths for fFn were 488 (argon laser 100% power) and 498-550 nm, respectively, and gain was set to 23. Excitation/emission wavelengths for Tomatoexpressing B. burgdorferi were 561 (DPSS laser, 37.45% power) and 571-610 nm, respectively, with gain set to 10. Image acquisition software was Leica AF version 3.0.0, build 8139, and offline analysis was performed using Leica LAS software. Cells were kept warm during imaging with an infrared heat lamp.
Localization of Polymerized fFn on Live B. burgdorferi. The percentage of Tomato-expressing B. burgdorferi associated with polymerized fFn (where fFn colocalized and moved with bacteria) in time-lapse video-recordings was counted manually, after coincubating bacteria grown under Fn-depleted conditions with 0.3 mg/mL fFn for 1 h at 4°C. Bacteria for which the presence, absence, and/or localization of fFn could not be determined unambiguously were excluded from analysis. The following localization parameters were manually scored for B. burgdorferi-associated fFn at each time point in timelapse series: unipolar, bipolar, or nonpolar localization; localization to the front or rear of bacteria relative to flow direction for bacteria aligned with flow during interactions; and localization to the center or periphery of rotation for bacteria that rotated or flipped as they moved. To determine whether bacteria were accelerating or decelerating, we scored whether bacteria at each time point were moving faster or slower than at immediately preceding time points, based on tracking-based velocity measurements.
Quantitative Image Analysis and Measurement of Biophysical Interaction Properties. All images used for quantification were acquired under identical imaging conditions (identical among all groups reported in each experiment), and no postacquisition image processing was performed before quantification. Tethering and dragging interactions were manually counted in a 30 × 100-μm region of interest at the center of the field of view, as described elsewhere (7). As described in detail recently, bacterial-endothelial interaction trajectories were tracked offline using centroid-based particle-tracking methods and Volocity software. Tracks used for subsequent analyses were tracks with velocities <300 μm·s −1 , which is <40% of the velocity of control beads in PCVs and flow chambers at similar shearstress conditions (7, 33) . As described in detail recently (7), the duration (lifetime), velocity, and displacement of bacterial interactions during adhesion to endothelia (deceleration phase of interactions), as well as changes in bacterial length and diameter during interactions, were measured for interaction tracks obtained from time courses and used to estimate interaction K off s and the force sustained by load-bearing bonds (F b ). As described elsewhere (7, 36, 37) , to estimate interaction K off rates, natural logarithms of frequencies of individual adhesion events with lifetimes ≥t (lifetime duration) were plotted against t, and curves were fit with straight lines by nonlinear regression in GraphPad Prism (GraphPad Software). R 2 values for lines were ≥0.9. Goodness of fit was evaluated by runs tests (P > 0.05 for all runs tests, indicating nonsignificant deviation from linearity). Interaction K off s were estimated from negative slopes of lines. F b estimates were obtained by methods described in detail previously (3, 7) . Schematic illustrations of these methods and associated calculations are also provided in Fig. S5 A and B. F b was calculated from F b = F s /cosθ, where force due to flow (F s ) = 31.97 τ w r 2 , τ w is wall shear stress, r is the radius of bacteria projecting above endothelial surfaces, and θ is bond angle. Bond angle (θ) was calculated from cosθ = l/R, where l = bacterial displacement during deceleration.
Statistical Analysis. All statistical analysis was performed in GraphPad Prism. Specific statistical tests used are described in the figure legends. Statistical comparisons of differences in slopes for K off calculations were compared using extra sum-of-square F tests.
